Topological graphene zigzag nanoribbons have transversal pattern of bilayer/monolayer/bilayer graphene, with the two bilayer regions having opposite stacking order. With uniform gate voltage, the nanoribbon supports chiral edge states that are localized around the monolayer region. The zigzag edges along the bilayer/monolayer boundaries and the open boundaries host localized magnetic moment. The band structure near to the Fermi level strongly depend on the magnetic configuration and width of the nanoribbon. In the presence of slowly oscillating transversal electric field, the adiabatic evolution of the system is studied. As the amplitude of the transversal electric field exceeds a critical value, the adiabatic evolution enter a hysteresis loop that the system oscillates between two quasi-stable magnetic configurations with opposite total magnetic moment. The control over the edge magnetization by electric field in graphene systems brings great potential in spintronic applications.
I. INTRODUCTION
Topological edge in gated bilayer graphene between two regions with opposite valley Chern number supports localized chiral edge states [1] [2] [3] [4] [5] [6] [7] , which is designated as zero-line modes (ZLMs). Across the edge, the gate voltage or the stacking order [8, 9] is reversed. The experimental implementation of the two schemes could be difficult [10, 11] . Reversing the gate voltage within the length scale of a few unit cells (less than 1 nm) produces large electric field gradient, which could lead to interfere between integrated devices. Reversing the stacking order induces strain in the top graphene, which make the system less stable.
Recently, bilayer-monolayer-bilayer graphene zigzag nanoribbon without strain or reversing gate voltage was proposed [12] . A few unit cells of the top graphene near to the topological edge are removed; the bilayer graphene at the two sides have opposite stacking order. Applying uniform gate voltage, the monolayer graphene host gapless ZLM. In addition, the zigzag edges at the bilayer/monolayer boundaries host dispersive edge state within the bulk gap. Strain is absent in the systems.
In the presence of Hubbard interaction, the zigzag edge become magnetic, which have been vastly studied in monolayer zigzag nanoribbons . The magnetic moment in each zigzag edge is due to uneven population of spin up and down electron at the zigzag edge states. In a narrow zigzag nanoribbon, the magnetic moments at the two parallel zigzag edges interact with each other by superexchange interaction. The zigzag nanoribbon is gapped or gapless, depending on whether the two magnetic moments are antiparallel or parallel to each other, * Corresponding author:luom28@mail.sysu.edu.cn respectively. Proposal to use this property in integrated spintronic nano-devices has been studied [34, 52, 53] . Recently, experimental fabrication of stable zigzag nanoribbons [54] and measurement of the edge magnetization [55, 56] make the application of such systems more feasible.
We studied the magnetic edge states in the bilayer/monolayer/bilayer graphene zigzag nanoribbons. There are six zigzag edges in this system, two at the bilayer/monolayer boundaries and four at the open boundaries of the bilayer regions. We solved the tight binding model with Hubbard interaction by mean field approximation and numerical iteration. The band structures depend on the magnetic configurations. In the additional presence of transversal electrical field, the system has different band structure, which in turn changes the spatial distribution of the magnetic moment. As the the transversal electrical field oscillated with slow rate, the evolution of the system is adiabatic. If the amplitude of the transversal electrical field exceed a critical value, the adiabatic evolution depends on the history of the system, i.e. enters a hysteresis loop. The system is flipped from one quasi-stable magnetic configuration to another by the transversal electrical field. The two magnetic configurations could have opposite total magnetic moment or opposite spin-valley velocity at Fermi level. This feature is similar to the multiferroic materials, where oscillation of electric field induce hysteresis loop of ferromagnetism, so that vast application potential could be expected.
This article is organized as following: In section II, the tight binding model with Hubbard interaction is reviewed, and the band structure of varying magnetic configurations are studied. In section III, the electrically driven adiabatic evolution of the magnetic configuration is studied. In section V, the conclusion is given.
FIG. 1:
Atomic configuration of the bilayer/monolayer/bilayer graphene zigzag nanoribbon with (N1 = 6, N2 = 1, N3 = 6) from longitudinal view along the axis of the nanoribbon. The number of rectangular unit cells along the width direction is marked on the figures. mi,κ is represented by the arrows. The AF and FM configuration is plotted in (a) and (b), respectively. The other two quasi-stable magnetic configurations, AF ↑ and AF ↓ , are plotted in (c) and (d), respectively.
II. BAND STRUCTURE AND MAGNETIC CONFIGURATION
The structure of the bilayer/monolayer/bilayer graphene zigzag nanoribbon is plotted in Fig. 1 . The nanoribbon is on the x-y plane with the longitudinal axis along the y axis and the width direction along the x axis. The zigzag edge is along the y direction. Along the width direction, the bottom graphene layer contains N 1 + N 2 + N 3 = N rectangular unit cells, each of which contains four carbon atoms. The first N 1 and the last N 3 unit cells are covered by the top graphene layer with AB and BA stacking order, respectively. The zigzag nanoribbon, designated as Z (N1,N2,N3) , contains six zigzag edges. We designate the zigzag edges at the left (right) open boundaries of the top and bottom layers as Z t 1(N ) and Z b 1(N ) , respectively; the zigzag edges at the bilayer/monolayer (monolayer/bilayer) boundaries as Z t
. The tight binding model with Hubbard interaction is given as
where t (t ⊥ ) is the hopping parameter between the intralayer (inter-layer) nearest neighbor lattice sites, 2V is the inter-layer potential difference due to the gate voltage, U is the strength of the Hubbard interaction, i and j are the lattice index of each layer, κ = ±1 represents the top and bottom layer, σ = ±1 represents spin up and down,κ = −κ andσ = −σ. The summation index of the first term cover the intra-layer nearest neighbor lattice sites; that of the second term cover the inter-layer nearest neighbor lattice sites. The operator c † i,σ,κ (c i,σ,κ ) is the creation (annihilation) operator of the π electron on the i-th lattice site of the κ layer and σ spin, and n i,σ,κ = c † i,σ,κ c i,σ,κ is the number operator. In our calculation, we assume the parameters as t = 2.8 eV, t ⊥ = 0.39 eV, V = 0.1 eV and U = t. By applying the mean field approximation, the Hubbard interaction is approximated as
where n i,σ,κ is the average of the number operator. The tight binding model is self-consistently solved by iteration. In each iteration step, n i,σ,κ is obtained by summing the probability density of all quantum states from the previous iteration step, with the occupation factor given by the Fermi-Dirac function with Fermi energy E F and temperature T . We assume room temperature in our numerical calculation. Because the system break particle-hole symmetric, the intrinsic Fermi energy is not zero. As a result, in each iteration step, an extra iteration is required to determine the Fermi energy by the condition of total charge conservation. In our calculation, we assume that the whole system is half-filled.
The iterative solutions converge to different magnetic configurations if n i,σ,κ at the initial iterative step have different magnetic polarization, m i,κ ≡ n i,+,κ − n i,−,κ , near to each zigzag edge. Because there are six zigzag edges, there are 2 6 = 64 magnetic configurations. By inspecting the numerical result, we found that the magnetic configurations with the lowest energy obey these rules: the magnetic polarization at Z t 1 and Z b 1 (Z t N and Z b N ) are the same; the magnetic polarization at Z t 1 and Z t 2 (Z t N and Z t 3 ) are opposite. The magnetic configuration with the lowest or second lowest total energy are the antiferromagnetic (AF) or ferromagnetic (FM) configuration, with the magnetic polarizations at Z t 2 and Z t 3 being antiparallel and parallel to each other, as shown in Fig. 1(a) or (b), respectively. By flipping the magnetic polarization of one of the open boundaries of the AF configuration, the AF ↑ and AF ↓ configurations, as shown in Fig. 1(c) and (d), have slightly larger total energy than that of AF and FM configurations. The band structures of the zigzag nanoribbons Z (50, 1, 50) in AF and FM configurations are plotted in Fig.  2 Fig. 1) , which have large weight in Fig. 2(a) and (b); have small but non-negligible weight at Z t 2 and Z t 3 (in the top rectangular of Fig. 1) , as shown by the same bands in Fig. 2(c) and (d) . The bands of the If the width of the two bilayer parts become smaller (i.e. N 1 and N 3 become smaller), the coupling among the ZLMs, the zigzag edge states at Z t 2(3) and the zigzag edge states at the open boundaries strongly modified the band structure near to the Fermi level. The continuous bands of the bulk states in the bilayer regions become discrete bands and couple with the ZLMs and the zigzag edge states due to size effect. For the nanoribbon with Z (6, 1, 6) , the band structure of the four magnetic configurations in Fig. 1 are plotted in the corresponding subfigure in Fig. 3 . The deviation of the Fermi levels from zero is non-negligible. The states with energy near to the Fermi level are still highly localized within the central part of the nanoribbon. For the AF configuration, a finite band gap around the Fermi level is opened. For the FM configuration, conductive states within the bulk gap remain gapless. Thus, the band gap is controlled by the magnetization configuration, which can function as spin valve.
The band structure of the two quasi-stable magnetic configuration, AF ↑ and AF ↓ , are plotted in Fig. 3(c) and(d), respectively. The total magnetic moment in one unit cell is nearly ±2µ B . There are two bands in each valley and each spin that cross the Fermi level. The velocity of the bands in opposite valleys or opposite spin have opposite sign. Thus, the system support dissipationless spin-valley current at the intrinsic Fermi level [57] . The spin-valley currents of AF ↑ and AF ↓ are opposite to each other. Switching between the two magnetic configurations could function as spintronic device because the magnetic moment and the spin-valley current are flipped.
III. THE ADIABATIC SWEEPING OF THE MAGNETIC CONFIGURATION
In this section, the physical process that flips the magnetic configuration between AF ↑ and AF ↓ are studied. In the presence of the transversal electric field E t , the Hamiltonian contains an additional term as
where x i is the x-coordinate of the i-th lattice site, and x c is the x-coordinate of the axis of the nanoribbon, e is the charge of an electron. We consider the case that the evolution of the system is adiabatic. The initial system is prepared with E t = 0 in AF or FM configuration. In the numerical calculation, E t oscillates as E t0 sin (kπ/180), with k being the step index. As E t change for a small value, the iteration starts from the initial state that is the convergent solution of the system with the previous E t ; stops at full convergent of the charge density. In each step, the total magnetic moment is calculated as M = µ B i,κ n i,+1,κ − n i,−1,κ , with µ B being the magnetic moment of electron spin.
If the initial state is in AF configuration, the hysteresis loop of total magnetic moment versus E t with E t0 = 0.36V /nm is plotted in Fig. 4(a) . The typical magnetic states in the evolution are marked by the boxed numbers. In the whole adiabatic evolution, the magnetic polarization at Z t 2 (Z t 3 ) remain upward (downward), while that at Z t(b) 1(N ) is changed. The critical points of the hysteresis loop are near to [2] and [9] , where the direction of the hysteretic evolution is determined. As the system evolve from [1] to [2] , E t exceed a critical value E c t that approximately satisfy
, with 3a c N being the width of the nanoribbon, and m 0 open being the magnetic polarization at Z
are unpolarized because the orbits of both spin are filled (emptied). The system further evolve to [3] and [4] . If E t0 < E c t , the evolution does not reach [2] , and return back to [1] as E t oscillates. Reaching [4] , the local potential at Z t 1 and Z b N reach the Fermi level, and spin polarized electron exit and enter the edge, respectively. Because the intra-layer (inter-layer) super-exchange interaction favor antiparallel (parallel) configuration between the magnetic polarizations at Z t 1 and Z t 2 (Z b N and Z t 3 ), the magnetic polarization at Z t 1 (Z b N ) becomes downward. Thus, the system evolve to [5] instead of [11] . At [5] , the local potential at Z b 1 and Z t N reach the Fermi level. Because of the super-exchange interaction favor parallel configuration between Z t 1 and Z b 1 (Z t N and Z b N ), the magnetic polarization at Z b 1 and Z t N become downward. Reaching [6] , the system is brought to AF ↓ as that in Fig. 1(c) . Similar procedures occur in the further evolution, which trap the system into the hysteresis loop. The system is flipped between AF ↓ and AF ↑ by the electric field. If V or E t0 flip sign, the system evolve in hysteresis loop with opposite direction. The evolution from [1] to [2] build up small total magnetic moment, which is generated by the similar mechanism as that of the half-metallic state of monolayer graphene nanoribbons [16] . For the evolution from [3] to [4] and then [5] , the edge magnetization of Z t 2(3) play critical role. In the absence of Z t 2(3) (i.e. N 2 = 0), the evolution after [4] is not guided by the super-exchange interaction as previously described, so that the system is led to the path with the lowest energy back to [1] .
In the other case, the initial state is in FM configuration. The hysteresis loop of the M −E t curve is plotted in become opposite to each other, and the magnetic configuration is shown in Fig. 4(c) , which correspond to the red dot in Fig. 4(b) . After another half of the loop, the state returns to the red dot in Fig.  4(b) , but the magnetic configuration is switch to that in Fig. 4(d) . Although the two magnetic configurations in Fig. 4(c) and (d) have the same total magnetic moment and energy, they are in different quantum states, which could be function as information storage.
IV. CONCLUSION
In conclusion, the gated topological bilayer/monolayer/bilayer graphene zigzag nanoribbon with finite width is studied by tight binding model and mean field approximation. The magnetic configuration of the zigzag edges modified the band structures of the chiral edge states. The adiabatic evolution of the system is driven by the transversal electrical field. The systems could enter a hysteresis loop, in which the system is flipped between two quasi-stable magnetic configurations with opposite spintronic properties.
